Intact cells harvested from 0,-limited batch cultures of Escherichia coli K 12 contained high levels of the CO-binding cytochromes d, o and a,. In photodissociation difference spectra (i.e.
over cytochrome d synthesis resides in the cell's ability to utilize 0, rather than in 0, concentration per se.
Similar phenomena have been observed in a variety of bacteria (for references, see Sweet & Peterson, 1978) . It is often tacitly assumed that the synthesis of spectrally distinguishable cytochromes can account in full for the cell's ability to respire under conditions of low aeration. Indeed, Rice & Hempfling (1978) have demonstrated that an oxidase with a K , of 0.10 PM (tentatively identified as cytochrome 0) was present at all growth rates examined when these were regulated by 0, supply in a phauxostat (Martin & Hempfling, 1976) . For cells grown at lower 0, tensions, the kinetic plots revealed an additional oxidase with a K , of 0.025 ~M -O , (identified as cytochrome d). In the present paper, we describe changes in the spectral, kinetic and ligand-binding properties of cytochrome o that occur during 0,-limited batch growth. In previous papers (Poole et al., 1979a, b) , we have shown that the reactions of cytochrome o with CO and 0, can be studied at low temperatures using 'trapping' techniques and that the product of the reaction with 0, is an intermediate ('oxy-compound') with similar spectral properties to the CO complex. The reaction with 0, is, however, distinguished from that with CO by the markedly lower velocity and high photolytic reversibility of the latter reaction. The present results show that under conditions of 0,-limited growth, a similar CO-reactive b-type cytochrome is formed but it differs from the cytochrome o found in aerobic cultures in the position of its Soret absorbance band and the velocity of its reaction with 0,.
M E T H O D S
Organism, growth conditions andpreparation of cells. Escherichia coli K 12 (strain A 1002) was maintained and grown in the medium described previously (Poole et al., 1979 a) that contained 40 mM-sodium succinate as major carbon source, supplemented with Casamino acids (1 g 1-I) and isoleucine, valine and methionine (each at 0.02 g I-'). Starter cultures (20 ml in 250 ml Erlenmeyer flasks) were incubated unshaken at 37 "C. Growth was in 5 to 10 litre batches in vessels that were slowly stirred but not sparged with air. Further details of the growth procedure, measurement of 0, transfer rates, and the harvesting of cells are given by Poole et al. (1981) . Under these conditions, growth is 0,-limited (R. I. Scott & R. K. Poole, unpublished results).
Cells were harvested, washed and resuspended as described by Poole et al. (1979 a ) except that the final cell concentration varied between 50 and 100 mg (wet wt) cells ml-l. The cell suspensions contained 30% (v/v) ethylene glycol and were used within 24 h of preparation.
Further treatment of suspensions for low-temperature kinetic studies. The procedure described by Poole et al. (1 979 a) was used with minor modifications. After reduction of the ethylene glycol-supplemented suspension with succinate, and bubbling with C O for 0.3 to 5 min, the sample was cooled to between -20 and -25 "C and, where indicated, 0, was introduced by vigorously stirring with a coiled stainless-steel wire that closely fitted the flat cuvette (2 to 5 mm path length; 16 x 46 mm area). Stirring twice per second for 30 s gave 360 w-0, (Chance et al., 1975a) and this was the concentration used, except for the experiment shown in Fig. 6 . This procedure has been found to introduce 0, into solution without displacing the CO liganded to cytochrome oxidase aa3 (Chance et af., 1975 a) or cytochrome o in vigorously aerated cultures of E. coli (Poole et al., 1979a) .
After addition of 0,, the cuvette contents were immediately frozen by immersion in an ethanol/solid CO, mixture at -78 OC. After equilibration to this temperature for 5 to 15 min, the cuvette was transferred to the sample compartment of a dual-wavelength scanning spectrophotometer where it was maintained in the frozen state at the temperature selected for study (see Results). After thermal equilibration (generally 10 to 20min), the spectrum of the reduced + C O sample was scanned and stored in one of the four digital memories of the spectrophotometer. The sample was then photolysed by using either a 200 J flash lamp or a Spectra Physics 155 He-Ne 0.95 mW laser (Spectra Physics, Mount View, Calif. 94042, U.S.A.).
Physical methods. A Johnson Foundation dual-wavelength scanning spectrophotometer was used. The instrument was based on an earlier design (Chance & Graham, 1971) and is now referred to as the DBS-3. The optical components were in a classical dual-wavelength configuration. Light from a 60 W tungsten halogen lamp was dispersed by orthogonally arranged concave holographic grating monochromators (Bausch & Lomb, Rochester, N.Y., U.S.A.). The output of the monochromators was modulated by a resonant tuning fork vibrating mirror and focused on the cuvette. Temperature control of the cuvette (+ 1 "C) was achieved by blowing a stream of nitrogen (cooled by circulation through liquid nitrogen) over its base, coupled with a small heater and temperature regulator circuit. The current from the photomultiplier was processed directly by a logarithmic current-to-voltage converter. The electronic portion of the instrument was based on a single board micro-processor which interrogated the chosen scan conditions and then initiated and dictated the scan via a stepping motor drive on the 'sample' monochromator. The 'reference' monochromator was fixed at a selected wavelength (575 nm). The memory of the instrument was sufficient to store up to four different spectra with 800 point by 16 
R E S U L T S
Identijication of cytochromes present in cells from 0,-limited cultures Because the cytochromes of E. coli allowed to become 0,-limited have been only poorly characterized (Haddock & Jones, 1977) . we first identified those cytochrome components present in cells grown under these conditions. Figure 1 ( a ) shows a succinate-reduced minus persulphate-oxidized difference spectrum recorded at room temperature. The a, p and y bands centred at 560, 532 and 432nm, respectively, were not resolved into their individual components by this technique; fourth-order finite difference analysis revealed each band to be complex . The broad bands at 598 and 630 nm are due to the reduced forms of cytochromes a , and d (a,), respectively, and are seen at somewhat higher wavelengths here than at 77 K (Poole & Haddock, 1975; Poole et al., 1981) . The trough at about 650 nm is due to the absorption of the oxidized form of cytochrome d in the reference cuvette. Figure 1 (b) shows the difference between the stored spectrum of the reduced form (also used for Fig. l a ) and a sample that was scanned approx. 1 min after oxidation with persulphate. Both a bands attributable to cytochrome d (Fig. 1 a ) have disappeared, indicating that this component had become reduced during this short period. Despite this, a prominent band is seen in the Soret region at about 448 nm which is thus likely to be associated with cytochrome a , . Bubbling a reduced cell suspension with CO ( Fig. 1 c) resulted in a shift of the peak of cytochrome d to longer wavelengths. This effect, together with the reaction of CO with cytochrome 0, is more clearly seen in the reduced + CO minus reduced difference spectrum (Fig. Id) . The shift in the absorption of cytochrome d gave rise to a broad trough and peak in the red region of the spectrum. Relatively small absorption changes in the a region of the spectrum are due to cytochrome 0. In the Soret region, the trough at about 448 nm is due largely to cytochrome a , ; the shoulder at about 436 nm is due to the reaction with CO of a CO-binding b-type cytochrome (i.e. cytochrome 0). When a CO-liganded reduced sample was cooled to -25 "C, then to -78 "C and scanned (with reference to the reduced state) at -80 OC, the difference spectrum ( Fig.  1 e) differed from that in Fig. 1 ( d ) only in the blue shift of certain components due to the lowered temperature, thus demonstrating that CO remained bound to both cytochromes o and d during the low temperature trapping protocol.
Photodissociation spectra obtained with white light and monochromatic light
and the effect of 0 , When CO-treated, reduced suspensions of cells from vigorously aerated cultures were flash photolysed at low temperatures, in the presence or absence of O,, the resulting photodissociation spectra (i.e. photolysed minus reduced + CO) revealed only cytochrome o (Poole et al., 1979a, b; Scott et al., 198 1) . In contrast, photodissociation spectra of cells from 0,-limited cultures exhibited different features depending on the presence or absence of 0, (Fig. 2) . When 0, (320 p~) was introduced to the CO-liganded sample at about -25 "C and the sample photolysed by white light at -12 1 O C , the photodissociation spectrum showed distinct maxima at 436 and 647 nm, together with a broad absorbance increase centred at about 595 nm (Fig. 2a) . The identity of the 436 nm peak was not obvious, being shifted 4 nm Reference spectra were stored in the digital memory of a scanning dual-wavelength spectrophotometer; subsequent spectra were corrected for the stored spectrum using 575 nm as a reference wavelength to yield the difference spectra shown. In (a), the reference spectrum was that of a cell suspension shaken with persulphate, and the sample was a suspension reduced by incubating with 25 mu-sodium succinate for 2 min. In (b), the reference spectrum was an oxidized (by shaking) suspension recorded into the memory approx. 1 min later; the sample spectrum was as in (a) . Spectrum (c) is similar to (a), except that the succinate-reduced sample was bubbled with CO for 1 min before starting the scan. Spectrum (d) is the difference between a succinate-reduced sample bubbled with CO for 5 min and (as a reference) a succinate-reduced sample. Spectra (a) to (d) were recorded at room temperature. In (e), the reference spectrum was of a succinate-reduced sample taken through the low temperature 'double trapping' technique referred to in Methods, whilst the sample was a similar suspension bubbled with CO for 5 min before cooling: the spectra were scanned at -80 OC. In the Soret region (400 to 496 nm), the bar represents, for spectra (a) to (e) respectively, AA = 0.25,0-05,0.1,0.025 and 0.05; above 496 nm, the corresponding values are 0.05, 0-01, 0.025, 0.025 and 0.05 respectively. In all cases the cell concentration was approximately 100 mg (wet wt) cells ml-'. Baselines (reference spectrum minus reference spectrum) were also recorded and shown to be featureless.
to the red from the position occupied by cytochrome o in similar spectra of vigorously aerated cells. Increasing the number of flashes of the lamp resulted in increased intensity of all spectral features but the changes in the red region of the spectrum (measured at 647 minus 640nm or 633 minus 640nm) were less marked than those in the Soret region (Fig. 3) . The spectrum of a CO-liganded, succinate-reduced and either 0,-supplemented (320 p~) (a) or anoxic (b) cell suspension was scanned and stored in the digital memory of a dual-wavelength spectrophotometer; the reference wavelength was 575 nm. In both cases, the first scan (dashed line) was recorded before photolysis and represents the reduced + CO minus reduced + CO baseline. Two flashes of a 200 J lamp preceded each subsequent scan. The cell concentration was about 100 mg (wet wt) cells ml-'. Under anoxic conditions (Fig. 2b) , the photodissociation spectrum was similar to that in Fig. 2 (a) , except that between about 600 and 670 nm the spectrum was featureless and did not reveal cytochrome d. This observation was surprising, since at these temperatures and in the absence of 0, the CO photolysed from either cytochrome o (Poole et al., 1979a, b) or mitochondria1 cytochrome a, (Chance et al., 1975b) does not recombine with the reduced oxidase, thus revealing its distinctive spectral properties. Results similar to those shown in Fig. 2(b) were obtained when the period of bubbling with CO was changed to 20,40 or 300 s. The 436 nm component, together with the small absorbance changes between 520 and 575 nm, were still seen under anoxic conditions, however, and the variation in magnitude of the 436 nm peak with number of flashes used was identical in the absence or presence of 0, (Fig. 3) .
Further evidence that the 436 nm component was not the y band of cytochrome d was afforded by the experiment of Fig. 4 . An 0,-supplemented, CO-liganded sample was photolysed at -132 OC using an He-Ne laser with a line at 633 nm. Red light photolysed the cytochrome d-CO complex, as illustrated by the peak at 646 nm and trough at 633 nm, but not the cytochrome 0-CO complex, as evidenced by the similarity of scans 1 to 4 with the baseline in the 520 to 575 nm and Soret regions. Small, broad absorbance increases in the Soret region close to 440 nm may be due to a small contribution from cytochrome d (Reid & Ingledew, 1980) . The inset shows that, as in Fig. 3 , the 633 nm trough and 646 nm peak were photolysed to equal extents during successive periods of illumination, indicating that they may be ascribed to the same compound. Further illumination of the sample, but with white light (Fig. 4, trace 5) , led to further absorbance changes at 646 and 633 nm but, more significantly, to the appearance of a large peak at 436 nm, a trough at 415 nm, and broad absorbance changes between about 500 and 575 nm. The features revealed only by photolysis with white light may be ascribed to a CO-binding b-type cytochrome, i.e. cytochrome 0. The major trough due to the disappearance of the CO-liganded form at 415 nm was at the same position as that reported previously by ourselves (Poole et al., 1979a, b; Scott et al., 1981) and others (Revsin & Brodie, 1969) , whilst the peak at 436 nm due to the reduced form of the cytochrome showed a significant shift from the position (432 nm) observed in cells grown with vigorous aeration. This component will be referred to hereafter as cytochrome o,,,.
The reaction ojcytochrome o~~~ with 0, The progress of the reaction of cytochrome 0 4 3 6 with 0, was studied by photolysing (with white light) the CO-liganded sample in the presence of 0, and repetitively scanning the cuvette, using 575 nm as a reference wavelength. At -98 "C, the predominant spectral changes were a decrease in absorption at 436 nm (relative to the reference spectrum stored in the instrument memory) and an increase in absorption at 416 nm (Fig. 5) . These absorption changes towards the baseline, which was recorded before photolysis and thus represents a reduced + CO minus reduced + CO spectrum, were indicative of ligand binding. That this ligand was 0,, and not CO, was demonstrated by comparison with the reaction following photolysis under anoxic conditions (see later). The reaction with 0, proceeded by the subsequent formation of a distinct trough at 436 nm (Fig. 5 ) and the appearance of an isosbestic point at 450 nm. Further flashes of light at this stage neither shifted the trough to 416 nm nor reformed the 436 nm component, both features being characteristic of the reduced form.
Further reaction of cytochromes was observed when flash photolysis in the presence of 0, was performed at higher temperatures (results not shown). At -79 "C, the peak in the difference spectrum at 436 nm was not seen within the first scan. Instead, a broad trough centred at 423 nm was formed, which shifted to 427 nm within 13 scans. The first scan seen after photolysis at -59 *C revealed a trough at 427 nm which shifted to 432 nm after approx. 20 scans. This spectrum (troughs at 432, 530, 560nm) resembled an inverted reduced + CO minus oxidized difference spectrum in this region (Fig. l c ) , suggesting that b-type cytochromes had become oxidized. Repetitive wavelength scanning experiments over the temperature range -85 to -101 "C were used to construct an Arrhenius plot. Semi-logarithmic plots of the reaction progress, measured at 436 minus 450 nm, were used to calculate half-times and velocity constants, assuming first-order kinetics. The slope of the Arrhenius plot (not shown) was 44-6 kJ mol-l (10.7 kcal mol-') (correlation coefficient, r = 0.978).
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Dependence of the reaction on 0, concentration
By adding various amounts of 0, with the stirring techniques described it was possible to obtain and analyse the kinetics of formation of the first compound formed with 0,. Apparent first-order kinetics for the reaction of cytochrome 0436 were obtained over a range of 0, concentrations (Fig. 6 a) . A plot of the pseudo-first-order velocity constant against the 0, concentration at two temperatures (Fig. 6b ) allowed values to be calculated for the second-order constant for the forward reaction and an approximation of the first-order constant for the reverse reaction, as written below. (-90 "C) . The data are inadequate for reliable calculation of the dissociation constant, K,, but it is clear that the reverse reaction (i.e. at zero 0, concentration) is very slow, resulting in a low K , value.
The reaction of cytochrome 0436 with CO Photolysis of samples that were trapped at -78 "C when anoxic allowed the recombination of the reduced oxidase with CO to be studied. At observation temperatures between -54 and -79 "C the reaction proceeded with pseudo-first-order kinetics ([COI 9 cytochrome 0) when measured at 436 minus 450nm. An Arrhenius plot (correlation coefficient, r = 0.999) gave an apparent energy of activation of 38 kJ mol-' (9-I kcal mol-'). Unlike the reaction with 0, shown in Fig. 5 , the peak at 436 nm decreased only until it reached the baseline, whilst the trough at 4 15 nm also decreased in intensity; both these major Soret absorbances changed in amplitude but not in position. Furthermore, the reaction was fully reversible by white light: flash photolysis of the reaction in progress resulted in reversion of the spectral features to their original magnitude.
D I S C U S S I O N
The results presented in this paper demonstrate that, under conditions of OJimited growth, E. coli synthesized a CO-binding b-type cytochrome that is spectrally and kinetically distinct from the cytochrome o found in aerobically grown cells. Although the ability of this component to act as a terminal oxidase has not been established using the classical criterion of photochemical action spectroscopy (Castor & Chance, 1959) , the component does bind 0, and, at appropriate temperatures, oxidation of b-type cytochromes ensues. Thus, its designation as cytochrome 0 4 3 6 seems appropriate. Rice & Hempfling (1978) have presented reduced + CO minus reduced difference spectra of 0,-limited cells and claimed that a peak at 436 nm is due to the CO complex of cytochrome d ; no evidence in support of this designation seems to have been made.
A fast-reacting cytochrome b (measured at 460 minus 430 nm) was kinetically competent to support Yhe observed respiration rates in E. coli grown aerobically or anaerobically (with glycerol and fumarate) and was also almost competent in cells grown anaerobically with xylose (Haddock et al., 1976) . Cells from OJimited cultures were not studied. In these experiments, the rapid oxidation occurred during the flow of the stopped-flow spectrophotometer so that the half-time of oxidation could be expressed only as < 3-3 ms. No distinction could thus be made between the kinetic properties of cytochrome o in cells grown under a variety of conditions.
There are several reports in the literature of the existence of more than one o-type cytochrome in certain bacteria and of the diversity of spectral characteristics attributed to o-type cytochromes. The positions of the a peak in the reduced minus oxidized difference spectra show wide variation, but this is not well correlated with the positions of peaks in CO difference spectra. Values for the Soret trough in the latter spectra, which have been used to identify cytochrome 0 4 3 6 in this paper, have been less frequently quoted but generally lie in the region 430 to 432 nm (Lemberg & Barrett, 1973) . A purified cytochrome o preparation from Azotobacter vinelandii absorbs maximally in the reduced form at 426 nm (Y ang & Jurtshuk, 1978) , whilst two highly purified cytochrome o preparations from Vitreoscilla also show troughs at 436 nm in CO difference spectra (Webster & Hackett, 1966) . These topics are further discussed by Jurtshuk & Yang (1980) . The terminal oxidase of Photobacterium phosphoreum contains, in addition to cytochrome d, a protohaem absorbing maximally at 436 nm (Watanabe et al., 1979) . In Acetobacter suboxydans, Daniel (1970) suggested that two b-type cytochromes, absorbing in the reduced form at 558 and 565 nm, bound CO and were of the o-type. The Soret trough in CO difference spectra was at 432 nm and, although broad, could not be resolved into multiple components. Cytochrome o (558 nm) had an 0, affinity ten times greater than cytochrome o (565 nm) but a CO affinity only half as great. Similarly, in E . coli, we (Poole et aE., 1980) have demonstrated that, in cells grown under conditions of lowered (but not growth-limiting) aeration, cytochrome od3* exhibited a markedly altered response to low temperature in its reaction with 0, but was indistinguishable in its reaction with CO from its counterpart in cells from vigorously aerated cultures.
Under conditions of diminished ability to reduce 0,, E. coli is well known to synthesize an alternative terminal electron-carrying limb involving cytochromes b558 and d (Haddock & (Fig. 2b) .
Further evidence for the ability of E. coli to synthesize cytochromes appropriate to poor aeration is afforded by the comparative data in Table 1 . The calculated values of kinetic parameters also emphasize the different strategies adopted by cytochrome o and mitochondria1 terminal cytochrome oxidase aa3 in their reactions with 0,. As proposed earlier (Poole et al., 1979 b) , the necessity in E. coli for trapping 0 , in an essentially undissociable compound (see K , value) may arise from the extreme slowness of the forward reaction. In contrast, cytochrome aa3 reacts with 0, very rapidly, but perhaps surprisingly (Chance et al., 1975 b) the reaction is readily reversible. In this system, the very rapid conversion of the first formed compound A (the 'oxygenated' intermediate) to the undissociable compound B (in which electron transfer has taken place to give a peroxy compound) acts as a kinetically effective trap for 0,. Under conditions of 0, limitation, E. coli synthesizes cytochrome 043,; its reaction with 0, is, like that of cytochrome 0432 in aerobic cells, virtually irreversible but proceeds at least ten times faster, thus offering an explanation of its formation under these conditions. In summary, the results presented here and previously , taken with those of Reid & Ingledew ( 1979) who demonstrated that cytochromes with similar absorption maxima in aerobically and anaerobically grown cells may have dramatically different potentiometric properties, show that conventional spectral characterization is inadequate for the description of the cytochromes formed by E. coli under various growth conditions.
